Abstract-In this paper, an integrated and manifold study of the combined electromagnetic and thermal effects, caused by human exposure to microwave radiation is carried out. In essence, we numerically calculate the amount of electromagnetic power absorbed by biological tissues for various exposure conditions and types of emitting sources, utilizing a detailed model of the human head. The severity of the obtained results is evaluated via comparisons with the guidelines of international safety standards, while further insight is gained by investigating the induced thermal effects. The latter are properly quantified through the solution of the bioheat equation, when combined with the outcome of the electromagnetic simulations. Spatial distributions of the corresponding temperature changes are thus calculated, their relation to the dissipated power is established, and the thermal response of human tissues in marginal cases of exposure is predicted.
INTRODUCTION
Human exposure to electromagnetic (EM) radiation, as well as the pertinent health effects, constitute a matter of raised public concern, undergoing continuous scientific investigation. Various studies on this subject exist [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , most of which mainly delve into the consequences of mobile-phone usage. Yet, devices and communication terminals operating in other frequency bands have also gained substantial interest in the last years. For example, as wireless networking of computer units is nowadays a rather common trend, the 2 and 5 GHz bands are intensively utilized for indoor signal transmissions and, therefore, should no longer be overlooked. Regarding physiological effects, local heating of biological tissues is caused by the absorbed EM energy, for which the commonly adopted measure is the specific absorption rate (SAR). The induced temperature changes are currently considered the main source of health risks for the bands examined herein, especially in the case of particularly sensitive organs (such as the brain or the eyes). Protection from potential dangers is based on established safety guidelines [17] [18] [19] , which propose maximum permissible values for the SAR, in order to exclude or minimize the possibility of overexposure.
This paper aims at providing a thorough description of the effects related to the absorption of EM power by biological tissues, with an emphasis given to the area of the human head. Considering diverse frequency bands (in the range from 900 MHz to 5.8 GHz), as well as radiation conditions (indicating either near-or far-field exposure), SAR values are numerically estimated with the aid of a realistic, highly-detailed computational model. To ensure a generalized framework, our studies encompass transmitting sources in the form of telephone handsets, dipole antennas and propagating plane waves, while consistent evaluation of the results is performed on the basis of international safety regulations. Additional information is acquired by computing the anticipated temperature changes due to EM energy dissipation, and the correlation between averaged SAR indexes and thermal effects is revealed. Other results of critical importance, regarding exposure to conditions that marginally comply with the safety guidelines, are also discussed.
METHODOLOGY

SAR Calculations
As mentioned above, the SAR is the widely accepted means of estimating the absorption of EM power in human tissues (by definition, SAR = σE 2 /2ρ, where E is the magnitude of the electric-field intensity, σ the tissue conductivity, and ρ the mass density). Herein, interactions between EM waves and biological matter are reproduced via finite-difference time-domain (FDTD) simulations [20] , utilizing an anatomically-based numerical model of the human head, specifically developed for the present study. The head model is reconstructed from two-dimensional MRI data [21] , and comprises 24 different types of tissue (fat, muscle, gray and white matter, cortical and cancellous bone, ligaments, skin, mucous membrane, bone marrow, cerebrospinal fluid, cerebellum, glands, lymph, cartilage, blood vessels, teeth, aqueous humor, bodyfluid, blood, nerve spine, sclera, cornea and lens). For instance, Figure 1 shows a specific MRI image (horizontal slice) together with the part of the corresponding grid realization. The frequency-dependent electrical properties of the tissues are determined from the parametric models of [22] . For our needs, the overall size of the computational domain is 228×272×301 cubic Yee cells with 1-mm sides, enclosed by a six-cell perfectly matched layer [23] for outgoingwave cancellation. Note that maintaining an adequate level of spatial resolution and detail is of critical importance in bioelectromagnetic simulations, as oversimplifications are prone to erroneous calculations [7] . The SAR is determined in the center of each cell after steady state has been established, by taking into account the average of the twelve surrounding electric components. In a post-processing stage, volume averaging (which is required by contemporary safety standards) is performed within cubes containing 10 g of tissue (this index is labeled SAR-10g). We also calculate SAR*-10g in the same manner, but with the additional constraint that air should not occupy more than 20% of the cubical volume. Apparently, it is expected that SAR*-10g < SAR10g, due to the exclusion of superficial points. In addition, SAR-1g values, extracted from cubes containing 1g of tissue, are also obtained for comparison purposes (this measure was utilized by the older IEEE standard [19] ).
Safety Standards
The suitability of wireless devices -with respect to health issues -is mainly quantified via their compliance with the established safety guidelines, in terms of the volume-averaged SAR. Specifically, ICNIRP [17] proposes a 10 g-averaged SAR value of 2 W/kg at most, for general public exposure. Up to 3 GHz, the 2005 revision of the IEEE standard [18] has the same SAR limits as ICNIRP in the head region, except for the case of the pinna, where the SAR limit is 4 W/kg. The former 1999 IEEE standard [19] followed a different direction, as it limited the maximum SAR-1g value to 1.6 W/kg in uncontrolled environments. According to a recent study [13] , the revised IEEE version appears to be more relaxed, not only compared to the older one, but also to the ICNIRP regulations.
Thermal Simulations
After SAR has been calculated and recorded, it is utilized as the source term in the transient bioheat equation [3, 5, 13, 14, 24] ,
whose solution provides the desired thermal response. In (1), T and T b denote tissue and blood temperatures, respectively, K is the tissue thermal conductivity, B is associated with blood flow, C is the heat capacity, and Q represents heat sources due to metabolic processes. Furthermore, variables r and t indicate the spatial and temporal dependence of the various quantities. Special treatment is called for air-tissue interfaces, according to the boundary condition
where T s and T a are the surface and air temperatures, respectively, and H stands for the convection coefficient. In all cases we have considered T b = 37 • C, and T a = 23 • C, while the various thermal parameters have been chosen according to data taken from the relevant literature (e.g., [3, 13] ). The solution of (1) is calculated with a conditionallystable FDTD scheme [5] , simulating 30 min of actual exposure (after this period, no significant thermal changes are expected). The necessary initial conditions (T (r, 0)) are also determined from (1), assuming total absence of external heat sources (i.e., SAR(r) = 0).
RESULTS
Radiation from Mobile Phones
For this type of studies, generic models of mobile phones have been developed and applied, with dimensions 4.8×1.9×12.5 cm. In fact, two different versions are implemented (for 900 and 1800 MHz), integrating antennas similar to those described in [25] for the aforementioned bands ( Figure 2 ). To ensure proper functionality, additional simulations of the handsets operating in free space, have confirmed the efficient operation of the integrated radiating elements, with respect to the return loss. We place the devices adjacent to the ear and examine two different orientations (0 • and 30 • tilt angles, with respect to the vertical direction), to simulate typical use. Note that the level of the output power is set to 0.25 W at 900 MHz, and 0.125 W at 1800 MHz. Figure 3 displays the distribution of the normalized SAR when the mobile phones are vertically aligned, where the weaker penetration at the higher band is evident. Next, some more general results are summarized in Table 1 , regarding the volume-averaged SAR and the corresponding temperature elevations. It can be seen that there is a non-trivial safety margin for SAR-10g, when compared to either the ICNIRP or the IEEE-2005 guidelines, since the maximum values are found less than 1 W/kg. Therefore, taking into account the safety limits, output power levels that are at least two times higher than the considered ones seem to be permissible. SAR*-10g appears lower than SAR-10g, due to the unavoidable exclusion of nodes close to the surface, with their maximum difference being approximately 19%. On the other hand, the peak values of SAR-1g may lead to different conclusions, as they are comparable to (or slightly greater than) the IEEE-1999 limit of 1.6 W/kg, thus verifying the more relaxed character of the newest version. Note that, due to the radiators' proximity to the head, our calculations indicate that a significant amount of EM power is coupled to the tissues, rather than radiated. Specifically, this percentage reaches 68.4% at 900 MHz and 53.78% at 1800 MHz. Regarding the induced thermal effects, it is found that peak temperature elevations ∆T are rather small (within the range 0.08-0.12 • C) and observed in the skin. The changes in the brain area (∆T br ) can be considered negligible as well, since they are lower than 0.06 • C. To elaborate further, Figure 4 exhibits the levels of these increases, as ones moves from outer toward internal points. The 1800-MHz case clearly exhibits a more rapid spatial weakening of the thermal alterations, owing to the superficial character of energy deposition. Figure 4 . Maximum temperature changes observed within vertical slices, for different handset orientations and frequency bands.
Emissions from Dipole Antennas
To further investigate local absorption phenomena, the present study also incorporates simulations of exposure to vertically-aligned, halfwavelength dipole antennas, when placed closely to the human head. Specifically, the radiators' positions are chosen near to either the ear (case I) or the eye (case II). The latter case is of special interest, because eyes are considered quite sensitive organs, due to their low level of blood flow (which is a primary cooling mechanism). Overall, four frequency bands are examined (900 MHz, 1800 MHz, 2.44 GHz and 5.8 GHz), with the levels of the output power selected equal to 250, 125, 100, and 100 mW, respectively. The dissipated power as a function of the distance from the head is drawn in Figure 5 for various configurations. Evidently, despite the relatively low energy content of the radiated waves, it can be seen that significant values of the averaged SAR are calculated, due to the small head-antenna separation. Especially in case I, the 2 W/kg limit (but not the IEEE pinna limit) is found to be violated for certain antenna positions. The amount of power that is absorbed by human tissues is also found to be different in each frequency band, as deduced from Figure 6 , where the antenna efficiency is exhibited for case I. Clearly, a smaller head-dipole distance implies more severe energy absorption, especially at larger wavelengths. Next, all the induced temperature changes are given in the scatter plot of Figure 7 , as functions of the peak SAR-10g and SAR*-10g. In addition, regression lines that match the given data in a least-squares manner are drawn. These lines comply with the simple formulas ∆T a×SAR-10g, and ∆T a * ×SAR*-10g, since no thermal alterations are anticipated in the absence of dissipated power. Table 2 refers to the calculated slopes of the regression lines for each band; a general approximation, derived from the total of the numerical data, is also considered. For comparison and validation, the following similar results from other published studies can be taken into account:
• Values between 0.185 and 0.237 were calculated for a in [6] , where several simulations in the band 900 MHz-2.45 GHz were performed.
• In [13] , it was found that ∆T (0.1044 ± 0.0192)×SAR-10g at 835 MHz, or ∆T (0.0.0886 ± 0.0078)×SAR-10g at 1900 MHz, considering non-pinna tissues. These results relied on various mobile phone and head models.
• In [14] , the slope of the regression lines ranges from 0.113 to 0.165, referring to two head models, and frequencies from 900 MHz to 2.45 GHz. In addition, the expected temperature elevations when the common 2 W/kg limit is reached are also mentioned in Table 2 .
Apparently, thermal changes larger than 0.4 • C are unlikely to take place. Similar estimations can be obtained for controlled (occupational) exposure as well, where five-time larger temperature increases should be expected. Interestingly, the mass of the eyeball is approximately 8.15 g, i.e., close to 10 g. Therefore, SAR averaged over the eye's volume can serve as a consistent estimator. For the frequency bands of case II, peak SAR-eye indicators reach 0.584, 1.042, 0.733 and 0.099 W/kg, respectively, with the most prominent ∆T being equal to 0.198 • C.
Far-Field Exposure
We now pay attention to the case of exposure at maximum allowable power levels, as those are dictated by the safety standards. The excited EM fields are selected to have plane-wave forms, impinging on the human head at angles from −90 • to 90 • , at two wireless networking frequencies (angles are determined with respect to the ear-to-ear axis). The ICNIRP and IEEE-2005 standards propose identical reference levels at both 2.44 and 5.8 GHz, which correspond to 10 W/m 2 for public exposure. The respective limits for controlled environments are 81.333 and 100 W/m 2 in the case of IEEE-2005, Table 3 . Temperature rise (overall, brain, eyes) in • C, for exposure to plane waves featuring maximum power densities. while ICNIRP proposes 50 W/m 2 for occupational exposure in both bands (recall that the 10 W/kg SAR-10g limit applies in the latter cases). Figure 8 exhibits the calculated SAR-10g and SAR*-10g values as a function of the incidence angle, considering the aforementioned worst-case scenarios. Although no violation of the safety limits is observed, quite significant values can be detected: for instance, SAR10g reaches 5.042 W/kg at 2.44 GHz and 6.16 W/kg at 5.8 GHz, in the case of the IEEE-2005 standard. Note that the SAR*-10g indicator provides approximately 21.6% and 32% lower values at the two bands, respectively. Finally, the overall temperature elevations, as well as those occurring in the brain and the eyes, are given in Table 3 . Compared to the eyes, brain tissues appear less susceptible to thermal changes.
CONCLUSION
We have presented a multidisciplinary numerical study of human exposure to radio-frequency EM fields. Simulations with mobile phones revealed SAR-10g indices lower than 1 W/kg and temperature changes of the order of 0.1 • C. Examination of the near-field exposure to dipole antennas allowed us to propose general models correlating the dissipated power and the thermal effects, which enabled further predictions of the expected temperature elevations at marginal exposures. Also, extreme cases considering maximum incident power densities indicated compliance with the standards and stimulated various interesting observations. Future extensions of this work will incorporate the more general investigation of full-body exposure, as well as other types of transmitting sources (such as on-body antennas or implanted devices).
